Introduction
Accidental explosions are key concern for all combustible fuels related to process safety.
Accidental explosions and detonations occur often in industry and result in casualty and severe loss of property at industrial facilities (e.g., Gao and Hirano 2006; Hirano 2001; Johnson 2010; Wen et al. 2011) . For preventive measures of these accidents and the design of effective mitigation scheme, it requires a realistic assessment of explosion hazards of combustible fuels. Accumulation of detonation dynamic parameter data such as cell size, initiation energy, critical tube diameter or detonability limit for various combustible systems and the ability to predict these quantities not only are of great fundamental significance to further the understanding of the detonation wave structure and its propagation, but also provide useful information for safety assessment and evaluation of potential hazards of explosive mixtures (Lee 1984; Matsui and Lee 1978; Ng and Lee 2008) . In this study, two particular detonation dynamic parameters, namely the critical tube diameter and critical energy of direct initiation are studied in detail. The critical tube diameter, d c , is the minimum tube diameter from which an emergent planer detonation wave can transmit into free space without failure. Critical initiation energy, E c , refers to the minimum energy required for the direct blast initiation of a spherical detonation in a given explosive mixture.
From the dimensional analysis consideration, it is possible to realize that once a characteristic length scale is determined, the various dynamic parameters can be readily correlated with that particular length scale. Indeed, there are numerous studies attempted to link the characteristic detonation cell size  -the average width of the cellular or fish-like pattern measured from smoked foils -as the fundamental chemical length scale, to the critical tube diameter, initiation energy as well as detonation limits . However, a quantitative theory for predicting the cell size is still lacking and experimental determination of a unique characteristic cell size from smoked foils can be difficult and often very subjective due to the inherent instability of the detonation front and cellular irregularity in common explosive mixtures (Lee 2008) .
Beside the characteristic cell size , critical tube diameter d c can be considered as an alternative length scale for various correlations. It can be argued that direct experimental measurement of critical tube diameter is perhaps more trustworthy than the determination of cell size. In fact, many initiation models such as the work done concept and the surface energy model are developed based on the relationship linking the cell size to the critical energy via the critical tube diameter (Lee 1984 (Lee , 1997 Benedick et al. 1986 ). Therefore, one should verify the direct link between the initiation energy and the critical tube diameter without evaluation of the cell size. The critical tube diameter phenomenon may also provide a better problem from the modeling point of view compared to a quantitative theory of cell size prediction.
In this paper, new measurement of critical tube diameter and critical energy for direct initiation of spherical detonation are reported. Unlike cell size data which are abundant in the literature but yet possess a significant degree of uncertainty, data on critical tube diameters for a wide range of hydrocarbon gaseous mixtures are relatively scarce. Therefore, these new measurements provide addition to the detonation database and give further useful information for the explosion safety assessment in industrial setting. In this study, the critical tube diameters experiments with five different tube diameters scales, D, were performed for a number of different explosive mixtures at various initial conditions. In addition, the purpose of this work is the simultaneous determination of critical tube diameter and initiation energy for direct blast initiation of detonations in these different mixtures. The results then allow one to verify directly the scaling relationship between these two dynamic parameters. In fact, and large discrepancies often obtained due to the uncertainty in cell size measurement and in some special mixtures such as highly argon diluted mixtures, the breakdown of the classical empirical correlation (Desbordes et al. 1993) . Here, the direct scaling between the critical tube diameter and initiation energy is reported and verified through the use of two semi-empirical initiation models without the recourse to the cell size measurement.
Experimental details
The direct measurement of the critical tube diameter and the critical energy has been carried out in a number of common combustible mixtures (i.e. C 2 H 2 -O 2 , C 2 H 2 -2.5O 2 , C 2 H 2 -4O 2 , C 2 H 4 -3O 2 , C 3 H 8 -5O 2 , C 2 H 2 -2.5O 2 -50%Ar, C 2 H 2 -2.5O 2 -70%Ar). The schematic of the critical tube diameter experiment is shown Fig. 1 Fig. 3 shows that when the initial pressure decreases to 11 kPa, although a detonation wave propagates in the vertical tube at a velocity around 90% CJ detonation velocity, the detonation fails after exiting into the free space and the velocity of the expanding wave is only 23.6% of the CJ velocity value. For each successful and unsuccessful initiation of spherical detonation at least 3 shots are repeated to confirm the critical pressure that can form a spherical detonation at each tube diameter. In some experiments, the tube inner diameters are also varied via inserting smaller diameter tubes.
Using the same spherical bomb setup and by removing the vertical circular tube as shown in Fig. 1 , experiments are also carried out to determine the critical initiation energy using the same mixtures and under the same initial conditions considered for the critical tube diameter problem. The procedure to distinguish detonation initiation and details to estimate the actual spark discharge energy from the ignition system can be found in authors' previous studies (Kamenskihs et al. 2010; Zhang et al. 2011a Zhang et al. , 2011b Zhang et al. , 2012b .
Results and discussion
The critical tube diameter for various mixtures as a function of initial pressure obtained by experiment is shown in Fig. 4 . Other correlations for undiluted mixtures, which are based on the experimental data measured by Matsui and Lee (1978) , are also included for comparison, represented by the solid lines in the plots. It can be seen from Fig. 4 that for the undiluted mixtures, the experimental data from this study is in good agreement with those found in Matsui and Lee (1978) . For the stoichiometric acetylene-oxygen diluted with 50% and 70% argon mixtures, there was no previous data to compare. Nevertheless, from the experimental trend it shows that with the increasing amount of argon dilution, the initial pressure at which the planar detonation can transmit into spherical detonation increases consequently using the same tube diameter. In other words, with more argon dilution, the mixtures tend to be less sensitive to form a spherical detonation when the planar detonation emerges from the tube into unconfined space.
Similar to many previous studies, it is worth to correlate the present critical tube diameter results with available detonation cell size data tabulated in CALTECH Detonation Database (Kaneshige and Shepherd 1997) . The curve fit correlations of available cell size data as a function of initial pressure for the mixtures considered in this study are given in Table 1 .
By comparing the critical tube diameter and cell size as shown in Fig. 5 , it is found for the undiluted mixtures (i.e., C 2 H 2 -O 2 , C 2 H 2 -2.5O 2 , C 2 H 2 -4O 2 , C 2 H 4 -3O 2 , C 3 H 8 -5O 2 ) the relationship between these two parameters is d c ≈ 13. This observation is in good agreement with previous investigations (Mitrofanov and Soloukhin 1965; Knystautas et al. 1982 ).
Similar to previous results obtained by many researchers (Desbordes et al. 1993; Moen et al. 1986; Sherpherd et al. 1986 ), the present experiment data also confirms that for mixtures highly diluted with argon, the d c ≈ 13λ correlation breaks down. It is found that the proportional factor equals 21 and 29 for the stoichiometric acetylene-oxygen mixtures with 50% and 70% argon dilution, respectively. Detonations in highly argon diluted mixtures are stable and their propagation mechanism is different from that of cellular detonations in unstable mixtures (Radulescu 2003; Lee 1996) , thus the failure and re-initiation of a diffracting stable detonation emerging from a tube into unconfined space are also different, resulting in the breakdown of d c ≈ 13λ.
Although a number of semi-empirical models to predict the critical initiation energy can be found in literature (Benedick et al. 1986 ; Vasil'ev 2012), here we consider two existing initiation models of which the energy formulations are obtained from the analogy of the critical tube diameter problem in term of d c , the diameter above which the plane detonation wave can successful transform into a spherical one when it exits the tube. This in essence assumes the energy released by the planar detonation tube is comparable to the initiation energy of a spherical detonation (Sochet et al. 1999) . The selected models hence allow us to explore readily the direct link between the critical tube diameter and the critical energy for direct initiation. First, with the knowledge of experimentally measured critical tube diameters at different initial pressures, the critical energy can be theoretically estimated by the surface energy model proposed by Lee (1997) . The surface energy model is a semi-empirical phenomenological model that relates the point blast initiation mode with the planar wave initiation mode. The link is established based on the minimum surface energy of the critical tube to the surface area of the critical size of the minimum detonation kernel; in other words, the correlation is through equating the surface energy contained in the wave in both cases at criticality. Thus the surface energy contained in the point blast initiated spherical detonation at the time when the wave has decayed to the CJ state from its overdriven state is equivalent to the energy in the planar detonation wave in the critical tube diameter situation. This 
In this study, a simplified work done model is also investigated (Matsui and Lee 1978; Desbordes 1988; Sochet et al. 1999; Zhang et al. 2012a) . Assuming the energy needed to re-initiate a detonation downstream of the unconfined space in the critical tube diameter problem can be related to the work done delivered by the detonation product in the confined tube (i.e., a fictitious piston) over a period t*, the energy can be obtained by:
where p CJ and u CJ denote the CJ detonation pressure and particle velocity, respectively. t* can be modeled as the time when the rarefaction wave reaches the tube axis, which can be approximately by t*~ d c /2a CJ with a CJ being the sound speed of the detonation products (Vasil'ev 1998). Therefore, a simplified work done model expression can be given as:
In general, although the surface energy model and simplified work done model are established from a different phenomenological consideration, both can provide direct link between critical tube diameter and critical energy for direct initiation. However, the previous use of these two theories often included the empirical correlation between the cell size and critical tube diameter (i.e., d c = 13) due to the wider availability of the cell size data.
Therefore, the validity of these two initiation models in common hydrocarbon-oxygen-argon mixtures was never assessed before with values of critical tube diameter as direct inputs.
As an example, the theoretical prediction and the experimentally measured critical energy as a function of initial pressure for the equimolar C 2 H 2 -O 2 mixture is shown in Table 2 . From the comparison, it is found that the theoretical critical energies obtained from both models are very close to the experimental data. Comparing the theoretical and experimental critical energies of the other mixtures which are shown in Fig. 6 and Fig. 7 , similar scenario can be found in general. From these figures, however, it appears that the results for C 2 H 2 /O 2 based mixtures agree best with the surface energy model. This is in accord with the literature that among different modeling approaches to estimate critical energy, the "surface energy" model agrees well with available experimental data on direct initiation (Benedick et al. 1993; Zhang et al. 2012a; Vasil'ev and Vasil'ev 2010) . For these mixtures, the results also indicate that the simplified work done model predicts higher value of critical initiation energy. The work done or piston model is based on the detonation products playing a determining role in initiating the spherical detonation wave. However, physically the work is done not exactly by the products of the plane detonation wave but by the decelerated gas of the curved front through a critical thickness from the critical point (Bannikov & Vasil'ev 1993) . It is thus not surprising that the simplified work done model always estimates a higher E c than the surface energy model.
Another interesting observation can be seen from Fig. 6 d) and e) which appear to show a different behavior in the results. For C 2 H 4 -3O 2 and C 3 H 8 -5O 2 mixtures, the detonation wave is typically more unstable compared to C 2 H 2 -O 2 based mixtures in the sense that the detonation cellular front is more irregular with larger degree of instabilities. The deviation of the measured initiation energy from the prediction using the surface energy model can therefore be attributed to the important of detonation instability. According to Lee's hypothesis (1996) , the critical tube diameter phenomenon in highly irregular mixtures is related to detonation instability where the failure of the diverging detonation wave is due to the suppression of instability at the front during the front expansion. Therefore a more unstable mixtures with large degree of instability (or in which the impacts of transverse waves is significant in re-initiating the mixtures downstream) may enhance the transmission of the detonation from a confined tube to the open space (Lee 1996; Jones et al. 1996) . However, for direct initiation of detonation, experimental results show that the early development and successful initiation originate from an overdriven detonation with very fine cell structure (Lee 2008 ) and hence, the inherent detonation instability may play a less important role in defining direct initiation.
In summary, due to the multidimensional instability effect within the propagating detonation cellular front in the irregular mixtures, the energy required in re-initiating and propagating a spherical detonation in the critical tube diameter problem may deviate from the one equivalent for successful direct blast initiation from a point source. It is also important to note that the two initiation models considered here used the critical tube diameter as an equivalent to the critical initiation energy E c . In the critical tube diameter phenomenon, the region where energy is evolved has a finite size and thus, it does not exactly satisfy the condition for an ideal source in the direct initiation phenomenon (Bannikov & Vasil'ev 1993) . The important role of detonation instability which can play a leading role in the detonation transmission is also not considered. From these models and dimensional consideration, the critical energy is proportional to the cube of characteristic size given here by the critical tube diameter (i.e., E c ~ d c 3 ) and therefore, any associated experimental uncertainty in the critical tube diameter are raised to power of 3 in the energy estimation. Evidently, better model can be developed by refining the criterion within the framework of using d c as an equivalent to the critical initiation energy E c , see Vasil'ev (2012) . Therefore, taking all these aspects into consideration, the maximum % deviation from all the experimental results (51% for the surface energy model and 92.4% for the work done model) seems reasonable and that both the surface energy model and the simplified work done model provide equally well the direct link between the critical tube problem and direct blast initiation of gaseous detonation with reasonable accuracy.
Concluding remarks
In this paper, new data on the critical tube diameters and critical energies for direct blast initiation of spherical detonations in different mixtures (i.e., C 2 H 2 -O 2 , C 2 H 2 -2.5O 2 , C 2 H 2 -4O 2 , C 2 H 4 -3O 2 , C 3 H 8 -5O 2 , C 2 H 2 -2.5O 2 -50%Ar, C 2 H 2 -2.5O 2 -70%Ar) are reported. These results obtained from simultaneous experimental measurement allow the analysis of any scaling and relationship between cell size, critical tube diameter and critical energy. The present results are first validated that, for the undiluted mixtures the critical tube diameter is found to be around 11-14 times of the characteristic cell size, which agrees with the well-known empirical correlation of d C ≈ 13. The experimental data once again show that the 13 behavior does not apply for those mixtures which are highly diluted with argon. The proportional factor is found to be 21 and 29 for the stoichiometric acetylene-oxygen mixtures with 50% and 70% argon dilution, respectively. These results agree with previous hypothesis (Lee 1996) that the failure and re-initiation of a diffracting stable detonation emerging from a tube into unconfined space are different, resulting in the breakdown of d c ≈ 13λ correlation. The comparison between the theoretical predicted critical energy, from surface energy model and simplified work done model, and the experimental data shows a very good agreement. Both theoretical models appear to provide a direct link between critical tube diameter and critical initiation energy from phenomenological consideration. In conclusion, these results and models should found applications in safety hazard assessment of these fuels and in developing new predictive tools and preventive measures against accidental explosions causing severe damages. successful initiation of a spherical detonation for C 2 H 2 -2.5O 2 mixture at an initial pressure of 12 kPa. C 2 H 2 -2.5O 2 -70%Ar. 
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